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there are concentric rings of cells of endodermis, cortex and epidermis covered at the very tip by 13 the lateral root cap and columella cells. The growing part of the root consists of two zones: the 14 root apical meristem (RAM) and the elongation zone (EZ) (Fig. 1A) . 15 The RAM includes the proliferation domain (PD) where cells have a high probability of 16 dividing and the transition domain (TD) (Baluška et al., 1996) . The most distal portion of the PD 17 contains the quiescent centre (QC), a stem cell niche, surrounded by the initial (stem) cells 18 (Clowes 1956; Dolan et al. 1993; Sabatini et al. 2003) . In the TD domain cells can still divide but 19 at a low probability and continue elongating at the same low rate as in the PD. Hence, cells in this 20 domain are slightly longer than cells in the PD (Fig. 1B) (Ivanov and Dubrovsky 2013) . The EZ 21 is the zone where cells of different tissues simultaneously start rapid elongation at rates much 22 higher than those in the RAM. The EZ is followed by the differentiation zone (DZ), where 23 elongated cells reach their final length and differentiation state. The rootward border of the DZ 24 nuclei (Rost and Baum 1988; Dubrovsky et al. 1998a Dubrovsky et al. , 1998b Garay-Arroyo et al. 2013 ). It is also 23 possible to locate the beginning of the TD as the position where the mitotic index sharply 24 decreases for the tissue under consideration (Ivanov and Dubrovsky 2013) . Nonetheless, the latter 1 approach is difficult to implement and it is not valid for all species. All such criteria can lead to 2 variable and subjectively defined boundaries and/or require considerable experience from the 3 researcher in order to guarantee reproducible and reliable data. Because of the importance of each 4 of the root developmental domains and/or zones in the cell proliferation/differentiation balance 5 (Dello Ioio et al. 2007; Moubayidin et al. 2010; Tsukagoshi et al. 2010) , establishing the PD/TD 6 and RAM/EZ boundaries is essential for a complete phenotypical description of the root. This 7 requires a quantitative approach, which enables the unambiguous identification of the different 8 development stages along the root longitudinal axis. 9 Here, to identify the location of the PD/TD and RAM/EZ boundaries we applied a 10 multiple structural change algorithm (MSC) to cell length profile data collected on fixed root 11 preparations. Because the position of the EZ/DZ boundary corresponds to the location where root 12 hair formation starts, this location can be used as a qualitative criterion for determination the 13 shootward border of the EZ. For this reason the EZ/DZ boundary can be easily established, and is 14 not considered in this study. We show here that using the polygonal models obtained from a 15 MSC algorithm it is possible to estimate: (a) the lengths of the PD, the TD and the EZ; (b) the 16 distances from the QC at which the different developmental transitions start; (c) the critical sizes 17 of dividing and transitioning to the EZ cells; (d) the derivative of cell length as a function of 18 position or gradient in cell length (Silk et al. 1986 ). We also show that the MSC yields similar 19 results to those obtained with molecular markers that have been used to determine the PD/TD 20 boundary, as well as those obtained by arbitrary estimations made by researchers experienced in ). Loss-of-function alleles have shorter roots and lower root growth rates than wt explained 2 by a shorter RAM, lower rates of cell production, and a longer cell cycle duration than wt roots 3 (Tapia-López et al. 2008) . We used the proposed MSC approach to analyse arabidopsis wt and 4 loss-of-function allele xal1-2 (hereafter xal1) roots. We found that XAL1 is necessary for the 5 increase of the length of the PD during the first days after seed germination and its loss of 6 function altered the critical size of dividing cells. This example illustrates that MSC approach is 7 useful for root phenotyping at the cellular level, for comparing of different experimental 8 conditions or genotypes and can be applied to better understand the changes in cell growth rates, 9 the distribution of cell divisions, changes in the critical size of dividing cells and longitudinal 10 zonation pattern. agar media N103 and N3003 that contained 0.3% sucrose supplemented with 1 (N103) or 30 23 (N3003) mM of total nitrogen (final concentrations of other components of the media were: 24 1 sucrose, 3 g/l, pH 5.6). After 2 to 7 days of vernalisation, plates were transferred to growth 2 chambers and grew at constant light in vertically maintained Petri dishes. Root growth 3 increments were recorded daily by marking root tip position over the surface of the dish and 4 increments were measured using ImageJ (http://rsb.info.nih.gov/ij). In seedlings of 7 or 9 days after sowing (DAS) roots were cleared using Herr´s solution (Herr 8 1971), that contains: lactic acid (85%), chloral hydrate, phenol, clove oil, and xylene (2:2:2:2:1, 9 by weight). Excised roots were transferred to Herr's solution for at least 24 h at room temperature 10 and subsequently mounted in the same solution and visualized using Olympus BX60 microscope 11 equipped with Nomarski optics and photographed. 12 pCCS52A1:GUS seedlings were subjected to GUS reaction in the dark for 1 h at 37 °C 13 and GUS staining solutions were prepared as described by Malamy and Benfey (1997) . To 14 restrict the diffusion of GUS blue precipitate, 2 mM of K 3 Fe(CN) 6 and K 4 Fe(CN) 6 were added in 15 the solution at the beginning. After GUS staining, seedlings were immersed in Herr's clearing 16 solution and stored in the dark at room temperature during 72 h and visualised as described Quantitative analysis 12 We have implemented a semi-automated procedure to systematically and accurately measure cell Information, Text S1]. The distribution function for the 95% CI for the breakpoints is given in abruptly are commonly called breakpoints, change-points, transition points or switch-points 9 (Muggeo 2003). In the cell length profiles, the breakpoints correspond to the boundary between 10 adjacent developmental zones ( Fig. 1A, B ).
11
There is no consensus about the existence of the TD in roots. Thus, the analysis of the 12 longitudinal zonation pattern of the arabidopsis root apex consists of two main problems: 13 establishing the number of domains and zones, and determination of the position of the 14 breakpoints between them. Here, we show that a MSC approach can be productively used for 15 solving these problems and objectively establishing the longitudinal patterning in the arabidopsis 16 growing root portion.
18
The growing part of the root consists of three discrete regions 19 The problem of single and multiple structural changes in linear models has been studied mainly 20 in statistics, econometrics and medicine (Auger and Lawrence 1989; Bai and Perron 1998, 2003; 21 Kim et al. 2000; Muggeo 2003) . We know that the growing part of the arabidopsis root has at 22 least one transition or breakpoint that corresponds to the RAM/EZ boundary. Some authors 23 propose also the existence of a TD formed by a group of cells elongating at the same rate as the 24 1 domain does not exist. If the TD actually exists, then a polygonal model with two breakpoints can 2 be obtained from cell length profiles of single cell files; and such breakpoints would correspond 3 to PD/TD and RAM/EZ boundaries.
4
There are several procedures to estimate the number of breakpoints in MSC models (Yao 5 1988; Liu et al. 1997; Bai and Perron 1998, 2003; Kim et al. 2000 Kim et al. , 2009 . Comparing different 6 methods for selecting the number of breakpoints, Bai and Perron (2003) concluded that the changes. This method adjusts the sum of squared residuals for models with different numbers of 10 breakpoints, and the model with the lowest BIC value is accepted as the most parsimonious. To 11 establish the number of regions in the growing part of the root, we analysed arabidopsis Col-0 wt 12 and xal1 roots at two different ages, 7 and 9 DAS, without specifying the number of expected 13 breakpoints. From cleared roots we obtained the cell length profile of a cortex cell file, from the 14 QC to the first cortex cell adjacent to an epidermal cell that formed a root hair bulge ( Fig. 1A) .
15
For each cell length profile we estimated MSC models with different number of breakpoints and 16 their positions. 17 We found that for 58% of Col-0 cell length profiles analysed (23 out of 40 cell files) the 18 most parsimonious model was of two breakpoints ( Fig. 2A, B ). In these cell length profiles the 19 most shootward breakpoint corresponded to the RAM/EZ boundary and the rootward breakpoint 20 corresponded to the PD/TD boundary. In 42% of cell length profiles analysed in Col-0 (17 out of 21 40 cell files), the most parsimonious model was of that of one breakpoint. This breakpoint 22 corresponded to the RAM/EZ boundary (Fig. 2C, D) . We found also that for these roots the 23 second most parsimonious model was that with two breakpoints. When this model was applied, the same the RAM/EZ boundary was found and additionally the PD/TD boundary was identified 1 within the RAM.
2
Similar modelling was performed for the xal1 mutant. Out of 40 cell length profiles 3 analysed, the most parsimonious model was of one, two, and three breakpoints in 30, 62, and 8% 4 of the profiles ([ Supplementary Information, Fig. S1 ]. The small number of the profiles with 5 three breakpoints can represent an artefact as a consequence of greater variability in cell lengths.
6
To verify the versatility of the approach, we compared Col-0 wt with a different wt accession, 7 C24. We found that 17, 8, and 75% of cases (n =12 cortical cell length profiles) showed one, two 8 and three breakpoints ([Supplementary Information, Overall, our data support the existence of two developmental transitions in the growing 10 part of the root. One of these transitions, the shootward, corresponds to the RAM/EZ boundary 11 ( Fig. 1A) . In the next section, we will show that the second, rootward, transition corresponds to 12 the PD/TD boundary ( Fig. 1B) .
14
The MSC modelling approach identifies the PD/TD boundary 15 Because the different domains and root growth zones are characterized by distinct and specific 16 developmental processes, the distribution of unambiguous molecular markers for those processes 17 could also be used to define the longitudinal zonation of the root (Ivanov and Dubrovsky 2013).
18
The distribution of molecular markers for G2-to-M transition, CycB1;1 DB :GUS or Cell length profiles were obtained from CycB1;1 DB :GFP roots grown on media with low 23 (1 mM) and high (30 mM) concentration of total nitrogen. These cell length profiles were 24 collected from assembled root images obtained under a confocal laser scanning microscope at a 1 high magnification and for this reason did not include EZ cells. CycB1;1 DB :GFP reporter detects 2 cells in late G2 and early M phases of the cell cycle (Colon-Carmona et al., 1999) . Therefore, cell 3 length profile was obtained for a root portion where GFP-positive cells were detected 4 (presumptive PD) and shootward of this zone for a portion of at least half of presumptive TD.
5
Thus, if a breakpoint is detected, this should correspond to the PD/TD boundary. Roots grown on 6 the media with high and low nitrogen content differed significantly in their growth rate and 7 morphology and on medium with low nitrogen grew 2.5-fold faster than under high nitrogen 8 (Table 1 ). This observation suggested that the PD would be of different length in seedlings grown 9 under these contrast conditions. Indeed, the PD length determined by MSC approach was greater 10 at low nitrogen medium (Fig. 3) .
11
The distribution of GFP-positive cells within the meristem was random (Fig. 3A, B) . In 12 most cases, those meristematic cells that were in mitosis were GFP-positive. The cells that were 13 not in mitosis, but were weakly GFP-labelled were cells in G2 as can be deduced from their size 14 (these cells were approximately twice as long as recently divided cells). The breakpoint values 15 estimated by the MSC approach corresponded to the last PD cells. Cells that expressed 16 CycB1;1 DB :GFP at the moment of fixation were in most cases located rootward to the 17 breakpoints estimated by the MSC approach (Fig. 3C-F As mentioned above, changes in cell proliferation are associated with the PD/TD 1 boundary before rapid elongation starts, and particularly, before the changes in elongation rates 2 can be detected, cells enter to the endoreduplicaction cycle (Hayashi et al. 2013 ). Thus, we 3 proposed that the TD can be also defined as the region where cells start endoreduplication but 4 have not yet started rapid elongation. Therefore, a molecular marker for endoreduplication, could 
12
To test if the breakpoint inside the RAM estimated by the MSC approach corresponds 13 with the transition from proliferative state to endoreduplication, we obtained the cortex cell 14 length profile of ten roots of the pCCS52A1:GUS reporter line. Using the MSC approach, we 15 determined the breakpoint positions for these roots and estimated 95% CI of the position of the 16 last PD cell of each cell file analysed. This position was close to the rootward (distal) border of 17 the GUS expressing region (seven out of ten cell files, or 70%) ( Fig. 4A-G) . In 30% of the 18 analysed cell files, the last PD cell, estimated by MSC approach was clearly in a more rootward 19 position than the GUS expressing region (Fig. 4H-J) . Therefore, the PD/TD boundary estimated 20 by MSC coincided with the onset of pCCS52A1:GUS expression in the majority of cases.
21
These data support the conclusion that the MSC approach enabled estimation of the 22 position of PD/TD boundary and this position coincided with the distribution of cells expressing 23 the CycB1;1 DB :GFP marker and with the onset of pCCS52A1:GUS expression. This PD/TD 24 transition occurred before rapid cell elongation started. Thus we conclude that there are two 1 developmental transitions in the growing part of the root: PD/TD and RAM/EZ (Fig. 1A, B) , the 2 former related to changes in proliferation behaviour and the latter to the onset of rapid cell 3 elongation. biologists experienced in this technique (ExpBiol) give similar results, but students or biologists 14 that are inexperienced in this analysis obtain contrasting results (VBI, PD, and JGD, unpublished 15 observations). Therefore, the ExpBiol is subject to biases depending on the researcher that 16 conducts the analysis. Hence, we were interested in comparing ExpBiol and the MSC approaches 17 to establish the PD/TD boundary.
18
The PD/TD boundary was estimated on CycB1;1 DB :GFP roots grown on media with low
19
(1 mM) and high (30 mM) concentration of total nitrogen. Interestingly, the PD length (estimated 20 by ExpBiol) in arabidopsis varied depending not only on the N availability, but also among roots 21 grown under the same nutrient conditions. The minimum-maximum numbers of cells in a cell file 22 within the PD (estimated by ExpBiol) in individual roots were 13-41 (epidermis), 24-48 (cortex) 23 at low N, and 9-30 (epidermis), 10-29 (cortex) at high N. Considering this variation, we analysed the agreement between the PD/TD boundary estimated for each root when using the ExpBiol 1 method and the MSC approach.
2
In statistics, inter-rater reliability (IRR) indicates "the degree of agreement between two 3 or more coders who made independent ratings about the features of a set of subjects" (Hallgren estimated for all the CycB1;1 DB :GFP cell files was significantly greater than zero, ICC = 0.9, F 9 (79, 80) = 10.2, p = 2.44e-21, 95% CI [0.85, 0.94], and was at the excellent qualitative range 10 proposed by Cicchetti (1994) , confirming that ExpBiol method (which has been traditionally 11 used) and MSC approach had a high degree of agreement as no statistical differences between the 12 two approaches were detected (Table 2) . Importantly, as determined by MSC analysis, at high N 13 medium the cortex PD length was approximately 80 % shorter than that in roots grown at low N 14 medium. This indicate the versatility of the MSC approach. Given that different researchers may 15 reach different results depending on their experience, the use of MSC is recommended as it can 16 eliminate subjective estimates and provide reproducibility within and across laboratories, 17 irrespective of the experience of the observer.
19
The MSC approach can be used to estimate the critical size of dividing cells and the critical cell 20 size for the initiation of rapid elongation 21 Organisms, from bacteria to higher eukaryotes, coordinate cell growth and cell division through (Ivanov 1971; Dobrochaev and Ivanov 2001; Dolznig et al. 2004; Yang et al. 2006; Turner et al. 1 2012; Robert et al. 2014) . Therefore, along the PD it is expected that cells are equal or smaller 2 than the critical size of dividing cells (L critD ). However, in the TD, the probability of cell division 3 is very low (Ivanov and Dubrovsky 2013); therefore, cells which continue growing at the same 4 relative growth rate as in the PD are longer than the L critD (Hejnowicz 1959; Hejnowicz and 5 Brodzki 1960; Ivanov and Maximov 1999; van der Weele et al. 2003) . In the EZ, rapid cell 6 elongation is taking place among other processes due to water uptake into the central vacuole 7 (reviewed by Dolan and Davies, 2004) . We addressed in this study if there is a critical cell length 8 related to the onset of rapid elongation in the EZ, similar to the L critD near the PD/TD boundary. 9 We denote this cell length as the critical cell size for the initiation of rapid elongation (L critE ).
10
To estimate the maximum cell lengths that correspond to the PD and the TD, we used the 11 MSC analysis of sorted cell lengths. We called this analysis the sorted MSC (sMSC). For this 12 procedure, we sorted cell lengths of a root cell file in ascending size order (Fig. 5A, B) . Thus, cell 13 length is a function of the cell length rank in the sorted cell length set (Fig. 5B ). We assumed that 14 there are three subsets of sorted cell lengths that correspond to the PD, TD and EZ. Then, after 15 estimation of the breakpoints that correspond to the ranks of the longest PD and TD cells ( Fig.   16 5B, C), we found the two linear equations that model the PD and TD cell length subsets after 17 determining the breakpoints by MSC (Fig.5D ). Finally, we used these two linear equations for 18 the PD and TD to estimate the maximum cell length in the PD and TD or the L critD and L critE , 19 respectively (Fig. 5D ). In this way the MSC approach can be used to estimate the critical size of 20 dividing cells and the critical size for the initiation of rapid elongation. These parameters were 21 subsequently used for comparison of different genotypes. of the RAM, PD and TD in wt and xal1 seedlings 7 and 9 DAS. We found that the number of 7 cells and length of the wt PD and RAM increased from 7 to 9 DAS (Table 3 ). In contrast, no 8 change was detected in the TD during this growth period in both genetic backgrounds (Table 3) .
MSC analysis of arabidopsis wt and xal1 roots

9
Thus the RAM size increase in the wt was due to a larger population of proliferating cells in the 10 PD at 9 DAS (Table 3) .
11
Interestingly, in the xal1 mutant we did not detect changes in PD and RAM lengths and 12 corresponding number of cells, from 7 to 9 DAS under our growth conditions (Table3). Because 13 an accelerated root growth is related mainly to changes in the number of proliferating cells 14 (Beemster and Baskin 1998), the almost constant growth of xal1 roots from 3 to 11 DAS ( Fig.   15 6A, B) suggested that xal1 PD hardly changes at least during the first ten days. Thus, XAL1 is 16 necessary to maintain steady increase in the number of cells within the PD, and as a consequence, 17 an accelerated root growth.
18
As xal1 root cells have a longer cell cycle than wt roots (Tapia-López et al. 2008) , we 19 asked if this difference is associated with a change in the L critD . We estimated the mean wt cortex 20 cells (L critD ) as M = 8.9 μm, 95% CI [8.5, 9.3] , n = 40, and for xal1 cortex cells as M = 11.4 μm,
21
[10.7, 12.0], n = 40. This suggests that the size sensing mechanism that controls the critical cell 22 size for division is altered by the loss of function of XAL1 and, as a consequence, the cell cycle 23 duration of xal1 roots is longer, because it takes more time to reach the L critD (assuming the same 24 Some authors consider that within individual cell files there is no TD before rapid 1 elongation starts; it is viewed that the transition zone is just one point along the root where cells 2 leave the RAM and enter the EZ (see : Dello Ioio et al. 2007; Moubayidin et al. 2010) . These 3 authors also consider that the onset of elongation "is different for each cell type, giving a jagged 4 shape to the boundary between dividing and expanding cells" (Dello Ioio et al. 2007, p. 679) .
5
Root tissues stop dividing at different distances from the QC, but they all start rapid elongation at 6 the same distance due to symplastic growth (reviewed in Ivanov and Dubrovsky 2013). Hence, 7 before rapid elongation, the symplastic nature of plant tissues, yields a domain at which cells start 8 endoreduplication, but do not start rapid elongation; this region then corresponds to the 'TD' 9 (Baluška et al., 1996; Ivanov and Dubrovsky 2013) . Indeed, experimental evidence has shown 10 that in arabidopsis endoreduplication precedes rapid cell elongation (Hayashi et al. 2013 ). Thus, 11 for a particular cell file within the arabidopsis root, the TD can also be defined as the region 12 where cells endoreduplicate and continue elongating at the same rate as in the PD. It has also 13 been shown that phospholipase Dζ2, involved in vesicle trafficking, is strongly expressed in the 14 transition zone (Li and Xue, 2007; Mancuso et al. 2007 ).
15
The MSC analysis used here clearly shows that before the onset of rapid elongation, all 16 cells within a file, irrespective of the tissue type, are distributed in two subsets separated by an 17 identifiable transition: those in the PD and those in the TD. A clear difference between these two 18 subsets and the difference between the RAM and EZ subsets provide additional evidence that the 19 transition to elongation is not just one point along the root but comprises a domain of cells that 20 have lost or are in the process of losing proliferation activity.
21
If we consider that the RAM does not include two domains (and the transition to the EZ is 22 not considered to span several cells that constitute an identifiable domain of cells), the estimated 23 RAM linear model should have a slope or DLP greater than zero. This would imply then that 24 growth at the EZ (Verbelen et al. 2006; Baluška et al. 2010 ). It has also been described that cells 23 in the TD are very sensitive to diverse external factors such as gravity, light, oxidative stress and humidity (Verbelen et al. 2006) . Thus, evaluating the extent to which such domain is altered 1 under different genetic and environmental conditions, becomes very relevant. In this paper, we 2 propose an approach to objectively establish the boundaries between the PD and the TD, and 3 between the RAM and the EZ, as well as the sizes and number of cells comprising each domain.
4
Using MSC, we have found that the PD in wt roots increases after 7 DAS, and such 5 growth is related to an increase in the number of proliferating cells and accelerated root growth, 6 after 7 DAS. This observation is in accordance with many studies where similar criteria to 7 determine the RAM/EZ boundary have been used, and which report meristem length increase 8 after 5 days after germination (DAG) and later (Galinha et al. 2007; Ubeda-Tomás et al. 2009; 9 González- García et al. 2011; Makkena and Lamb 2013) . Moreover, a kinematic analysis of the 10 arabidopsis root showed that accelerated root growth is mainly due to an increased cell 11 production rate during the first 14 DAG, and a steady increase in meristem length during the first 12 two weeks of growth after germination (Beemster and Baskin 1998). These results are similar to 13 our observations of accelerated growth from 7 to 11 DAS (Fig. 6A, B) , accompanied with an 14 increase in the PD length. However, these results contrast with some previous studies that 15 concluded that wt arabidopsis RAM reaches its maximum size 5 DAG (Dello Ioio et al. 2007; 16 Achard et al. 2009; Moubayidin et al. 2010; Zhou et al. 2011) , equivalent to our 7 DAS. This 17 discrepancy about the age at which the RAM reaches its maximum size can be explained by the 18 fact that this age is highly dependent on environmental conditions that vary among studies and by 19 possible methodological differences in meristem length determination. In any case, these 20 variations among laboratories highlight the need for a reliable approach to identify root growth 21 zones along its longitudinal axis and their boundaries. In contrast, xal1 roots showed an almost 22 constant root growth rate (Fig. 6A, B) , possibly because the PD length hardly changes during, at 23 least, 7 to 10 DAS. This result suggests that XAL1 is involved in the regulation of the transition 1 from the PD to the TD. our results show that cells that enter the EZ are larger in xal1 roots than in wt. Then, cell 7 elongation stops at shorter cell lengths in xal1 than in wt roots, although xal1 cells initiate rapid 8 cell elongation at larger sizes. Our results suggest that the loss of function of XAL1 alter the two 9 developmental transitions along the root (PD/TD and RAM/EZ), as well as cell critical sizes.
10 Future studies will have to unravel how XAL1 is involved in the regulation of cell division rate, 11 directly or indirectly, through the regulation of the mechanisms that control the L critD.
12
In conclusion, the MSC approach for determination of the PD/TD boundary yields similar 13 results to those based on specific molecular markers and those obtained by the ExpBiol 14 subjective method. The MSC approach is an objective and versatile tool for determination of 15 domains and zones and gives reliable results for roots with the RAM of different lengths. The use 16 of molecular markers implies genetic crosses and frequently, mixture of different genetic 17 backgrounds. To avoid this problem, the MSC approach permits a direct longitudinal zonation 18 pattern characterisation. It can be used for different genetic backgrounds, treatments, or can be 19 applied for analysis of developmental changes taking place with age. This approach potentially 20 could also be applied to species other than arabidopsis to better characterize and understand the 21 mechanisms underlying the homeostasis of the RAM in Angiosperms.
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